This is the final report of a three-year, Laboratory-Directed Research and Development project at the Los Alamos National Laboratory. In this work, both inductively coupled and microwave-induced plasmas were established in fluidized beds (both in stand-alone tubes and in larger circulating fluidized bed systems). The particle dynamics were then examined with particular emphasis on the effects of electrical charging of the particles and the consequent changes in the gross characteristics of the bed. Using laser light scattering together with pressure fluctuation measurements, we found that an ionized fluidizing agent strongly influences the nature and the strength of the interparticle forces and alters the gross hydrodynamic behavior of the fluid bed. This can actually help stabilize the fluidized bed operation. We screened various extractive chemistries in fluidized bed configurations using a hydrogen-rich plasma. Reduction of a variety of metal oxides indicated water production and gradual conversion toward the base metal (as probed by x-ray diffraction). We also demonstrated an ability to nitride metal in a nitrogen rich plasma. More compact and efficient fluidized bed reactors were designed for specific end-use applications.
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Background and Research Objectives
gasification, hydrocarbon cracking, drying and mixing, and catalytically assisted processes. A gas fluidized bed is created by passing a gas upward through a bed of fixed solid particles. As the gas velocity is increased, a point is reached at which the particles are suspended in the upward flowing gas. At this point, the drag force between a particle and the gas counterbalances the weight of the particle. As is illustrated in Figure 1 , a range of flow regimes can be achieved with increasing gas flow velocity. These regimes include smooth (or incipient) fluidization at low fluidization velocities with subsequent transitions into bubbling, slugging, turbulent, and pneumatic transport regimes with increasing gas velocity. ' It is well known that the excited-state and free radical species formed in nonequilibrium plasmas (ionized gases) can be used to promote specific chemical reactions. For example, with proper selection of rf-frequency and gas pressure, one can generate a high concentration of atomic species at modest bulk temperatures. The atomic species may then dramatically shift the free energy of reaction to favor the reaction products. In addition, the excited atomic species may also show enhanced mobility and reactivity, in the transport and kinetics sense.
Fluidized beds have been used for years in industry for applications including coal *Principal Investigartor, e-mail: currier@lanl.gov Our objective was to develop reactor technologies which enable plasma assisted gassolid reactions to occur in an efficient and scalable device. This requires intimate contact between the solids (a reactant) with the plasma, which produces the other reactants. Our approach was to exploit the various flow regimes in fluidized beds. By manipulation of the flow regime, solid particle concentrations can be controlled. The solids concentration, in turn, greatly affects the ability to maintain and control the plasma density and number of atomic species. As part of that effort, the effects of particle charging on fluidized bed dynamics and free radical initiated chemistry was explored. Finally, the scalability of the process was demonstrated.
Importance to LANL's Science and Technology Base and National R&D Needs
A plasma extraction technology should find applications in the Laboratory's core programs, such as plutonium metal recovery by production of volatile fluorides, and in plasma modification of surfaces. Our in-situ radio-frequency plasma diagnostics and kinetics involves complex experimentation and measurement. Recovery of depleted uranium and novel extractive metallurgy broaden our base in nuclear and advanced materials processing. Optimal design for electromagnetic coupling in plasma chemical reactors supports development of the Laboratory's expertise in nuclear science, plasmas and beams.
The storage and ultimate disposition of the uranium hexafluoride stockpile is seen as a national need. For example, DOE EM-50 in the Decontamination and Decommissioning focus area, has placed long-term stabilization of depleted UF(3 as a priority. The Army has also deemed "Minimize Depleted Uranium Waste from Manufacturer" a high priority. Our process could be applied to reduction of m 6 , replacing the waste-generating molten salt reduction of U F 4 with a very low-waste process.
Scientific Approach and Accomplishments
particle dynamics in some detail. Due to the high mobility of electrons (compared to ions), particles placed in the plasma fluidized bed acquire a net negative charge. The magnitude of this charge increases until the net current of electrons and ions reaching the particle surface become equal (ions and electrons then recombine on the particle surface to re-form neutral species). In order to characterize the plasma fluidized bed, an inductively coupled plasma fluidized bed was constructed and laser light scattering measurements were taken to observe the particle dynamics. The inductive system was constructed using a one-inch diameter cylindrical quartz tube with a built-in porous distributor plate made of sintered quartz, which prevents particles from falling down the tube. A 10 turn copper tube was wrapped around the tube.
Since there have been relatively few studies of plasma fluidized beds, we examined the An rf power amplifier was connected to a signal generator operating at 13.56 MHz.
The input power to the discharge was measured using an rf power probe and the gas flow rate was monitored using a electronic flow meter. The particles consisted of 50-60 micrometer diameter spherical silicon dioxide particles. The fluidized bed was established by slowly increasing the argon flow through a fixed bed of particles resting on the distributor plate. The operating pressure was varied between 100-500 mTorr for different measurements. The laser light scattering measurements were implemented using a 1-watt argon ion laser and the light beam was spread into a sheet using a cylindrical lens. The scattered light was observed using a CCD digital camera interfaced to a digital video capture card on a computer. The experimental set-up is shown in Figure 2 . Figure 3 shows particles suspended in the plasma fluidized bed. Using a digital video capture system and associated software, we estimated the particle density.
In the above case, particle density in the fluidized bed with a plasma was 200/cm3 compared to 40/cm3 at the same gas-flow rate without the plasma (not shown). Such differences are observed throughout the tube where a plasma is formed. The increased particle density is most likely due to the interaction of the highly charged particles and the electric and magnetic fields and possibly to a significant change in the physical properties of the fluidizing agent. An rfcompensated Langmuir probe measurement was then used to obtain the electron temperature and the plasma density. The electron temperature was found to be approximately 1.0 eV and the plasma density was approximately 5.0x109cm3. Using the measured values for the electron temperature and the electron density, the charge on a 50 pm particle was estimated to be 7 . 6 5~ Coulombs. Based on our observations and estimates of the coupling parameter (Le. the ratio of Coulombic to kinetic energies), it appears that a strongly coupled fluidized plasma can be established under the proper gas flow conditionsS2 We also discovered that fine particles (c12 micron) introduced into the plasma region can become trapped in regions near the wall and remain there for extended periods of time.
bed systems. These devices consist of a riser section with a high gas flow rate, which transports solids out of the top of the vessel. The solids are separated from the gas in a cyclone and fall into a conventional fluidized bed which serves as a solids reservoir. The reservoir bed is connected to the bottom of the riser by a feed tube. By proper balance of pressures between the reservoir and riser, solids can be continuously fed from the reservoir section into the riser and circulated through the system. The riser section houses the plasma region. We have constructed compact circulating beds as well as larger systems with risers up to two meters in length. We discovered that even at high gas flow velocities corresponding to pneumatic transport of the solids, significant alterations in flow dynamics resulted when the fluidizing gas was ionized (plasma).
To sample the various flow regimes, we have constructed circulating plasma fluidized 3 / An example of this is, using an argon plasma in the circulating bed system, shown in Figure 4 . Thus, even at high flow velocities where drag induced particle motion is expected to dominate over Coulombic effects, we still observe strong interactions between the hydrodynamics, electromagnetic fields, and particulate charging in plasma fluidized bed systems. These interactions can result in gross changes in bed dynamics, which in certain cases, actually stabilized the operation. measure pressure fluctuations within the bed. We began with a conventional bed (no plasma) containing 180-200 micron copper shot, We sampled the pressure at a frequency of 200 hertz and subsequently passed the signal through a 60 hertz low-pass filter. The transitions between flow regimes could easily be seen in both the Fourier and power spectra. In Figure 5 we show the power spectral densities for a conventional fluidized bed at 170 C and a microwave plasma fluidized bed (also at a bulk temperature of 170 C) at the point where the bed transitions from bubbling behavior to a turbulent regime. Notice that with the plasma, the required gas flow rate is significantly higher again indicating a stabilizing effect associated with charging of the particles. We are now completing a time-series analysis of the two data sets to further quantify changes in the underlying dynamics (e.g., by determining the underlying attractor dimensions).
plasma. The plasma was generated using a microwave applicator (2.45 GHz) coupled directly to a quartz tube (the tube passed directly through the waveguide). The bed was fitted with a port just the above the bed which allowed gas samples to be withdrawn for mass spectral analysis. We have successfully produced water from several simple metal oxides (e.g. TiO,, SiO), an example of which is shown in Figure 6 . With both oxides, water was extracted at a fairly constant rate while the oxide was reduced towards the base metal. This can clearly be seen in the x-ray diffraction (XRD) pattern for the processed Si0 ( Figure 6 ). As a more complex oxide, we used FeTiO, (Ilmenite). Water production from the hydrogen-argon plasma fluidized bed was again fairly constant over time and significant changes in crystal structure were observed. These effects are shown in the mass spectra signal for water and in the XRD pattern (Figure 7 ). More complicated magnesium silicate minerals (e.g. olivine) also yielded water at a fairly constant rates over extended periods with observed changes to the crystal structure, as probed by XRD. However, we found that upon processing, the dielectric properties of the olivine underwent a significant change. This required re-tuning of the microwave cavity. fluidized bed. We found that silicon nitride could be produced at bulk temperatures of approximately 200°C.
As another probe of dynamics we employed high fidelity pressure transducers to
We screened extractive chemistry in plasma fluidized beds using a hydrogen-argon
We have also demonstrated an ability to nitride silicon metal in a nitrogen rich plasma However, both the alpha and beta phases were produced in approximately equal amounts. We also found that at high power inputs, the particles tended to fuse together into a free-standing fractal-like structure (Figure 8 ). Experiments with other metals did not show this effect, suggesting that reaction bonding of the particles may be an important contributing factor (as opposed to just micro-discharges, which could effectively "weld" particles together upon contact). This will be an important consideration in high plasma density devices.
following an initially high rate. This decrease is due to formation of a product layer which surrounds the un-reacted core within the solid particle. Reactants must diffuse through this product layer to reach the un-reacted material. This additional transport resistance is typically more pronounced for larger diameter particles. The product layer could also provide ample surface for recombination of the atomic hydrogen generated in the plasma back into the molecular analogue (HJ. Thus, we explored the effects of particle size using TiO, (rutile) particles. Figure 9 shows the water production in the MS and the resulting XRD patterns. It appears that there is not a significant dependence of the reaction rate on particle size. We also observed that our plasma treatment of metal oxide particles caused significant (in fact, favorable) reconstruction of the surface and creation of pore networks as shown in Figure 10 . Such changes have been reported for other solids in contact with pla~mas.~ Should such reconstruction prove to be general, the more porous product should lessen the resistances associated with diffusion through the product layer. We are concluding the study with BETtype measurements to quantify the changes in surface area and porosity. capability to extract oxygen (in the form of water) from a variety of oxide minerals while the solid is slowly reduced towards the base metal. We expect that atomic hydrogen will perform similarly in extracting fluorine (i.e. by forming HF) out of metal fluorides. Unlike most noncatalytic gas-solid reactions, this extraction technique does not appear to show a strong dependence on particle size. Favorable reconstruction of the particle surface and pore structure may also enhance mobility of atomic hydrogen throughout the oxide. Preliminary data suggest that the process may also be useful for nitriding of metals. However, due to equipment limitations, our experiments were generally conducted at low pressures (10 Torr) and at relatively low plasma densities. This generally resulted in low to modest global reaction rates. Enhancement of the extraction rate through improved reactor configurations is an important issue to resolve if compact, high efficiency equipment is to be fielded. Towards this end, we have designed several more compact and higher plasma density devices which should enhance the global kinetics.
In fluid-solid reactions, the global conversion rate is often observed to decrease Our preliminary examination of the plasma fluidized bed process indicates a general 5 Finally, the establishment and control of strongly coupled fluidized plasmas offers a unique opportunity to experimentally characterize, model, and simulate transport properties of strongly coupled plasmas subject to shear forces. We are also pursuing this application as a means of validating hydrodynamic codes used in the Laboratory's core programmatic activities, (in preparation (2000)).
Robert P. Currier and M. Trkula, "Oxide Reduction in a Hydrogen Plasma Fluidized Bed" (in preparation (2000)).
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Figure Captions In the first picture (left) the quartz tube on the left is the riser section containing 125 micron silicon dioxide particles, which are being transported upward by the gas flow. This picture is taken below the plasma region of the riser. (The solid tube next to the quartz tube is a stainless steel tube which directs returning solids to the reservoir bed located below the frame). One can see that the solids are fairly uniformly distributed throughout the cross-section of the quartz tube, The second picture (right) shows the solids at the exit of the plasma region. The solids have been "focused" towards the center of the quartz tube. Further above the plasma region, the particles again become fairly uniformly distributed across the tube diameter. The kinetic energy of the particles (which are essentially at terminal velocity) overwhelms our estimates of forces associated with Coulombic charges, yet, there is obviously still a strong interaction between the electric fields, charged particles, and the hydrodynamics. The signals shown here are the maximum seen by varying gas flow rates. This maximum signal generally occurs at the transition from a bubbling regime into a turbulent flow regime. Note that with the non-ionized gas, the maximum is more pronounced and occurs at a flow rate of 80 sccm.
With the ionized gas (plasma) the maximum is not seen until higher flow rates are reached (130 sccm). We believe that interaction of the charges particles with both their neighbors and with the electric fields contributed to this "stabilizing" effect. Of course, changes in the effective viscosity of the fluid may also contribute. Figure 6 . Mass spectra signals for water from S i 0 (left) and the resulting XRD pattern for S i 0 before (amor.) and after plasma fluidized bed processing. Water production remained fairly constant over long period of time. Note that these experiments were to screen the chemistry and were not optimized for reaction kinetics. In fact, we generated designs for systems which will permit more favorable globaI reaction rates. A free-standing aggregate of silicon metal which as been partially converted to the nitride in a nitrogen/argon plasma fluidized bed. This was produced in a microwave discharge with 500 W input (forward) power. At lower power levels (300 W) no appreciable clumping, or reaction bonding, was seen. Tests with other metals (more difficult to nitride) did not lead to this phenomenon, even at higher forward power levels. 
